Background: Activated clotting time (ACT)-guided heparinization is used during atrial fibrillation (AF) ablation. Differences in sensitivity to ACT assays have been identified among different direct oral anticoagulants (DOACs).
| INTRODUCTION
Atrial fibrillation (AF) is the most common sustained arrhythmia, 1 and it has a significant effect on morbidity and mortality. 2 Catheter ablation is now widely considered as the most effective treatment for AF. 3 Specifically, catheter ablation is advocated as a class I indication for patients with paroxysmal AF who are refractory to antiarrhythmic drugs and as a class IIa indication for patients with persistent AF. 4, 5 However, AF ablation is one of the most complex interventional electrophysiological procedures; thus, it is associated with several complications, with thromboembolism as the most important complication. Accordingly, periprocedural anticoagulation management has received increasing attention, with much debate regarding the optimal management strategy.
Warfarin, a vitamin K antagonist, has been commonly used as an oral anticoagulant during the periprocedural period of AF ablation.
More recently, however, direct oral anticoagulants (DOACs) have been increasingly used for periprocedural anticoagulation therapy for AF ablation. 6 At present, the following three perioperative DOAC anticoagulation strategies are used: uninterrupted (Unint; no discontinuation of DOACs), minimally interrupted (min-Int; holding the morning dose on the day of ablation), and interrupted (holding doses > min-Int holding dose). The superiority among these three anticoagulation strategies in the periprocedural period of AF ablation, however, has not been fully clarified. A meta-analysis revealed a higher incidence of overall bleeding events associated with the Unint and min-Int strategies compared with the interrupted strategy, but with similar safety and efficacy for all three strategies with regard to thromboembolic and major bleeding complications. 7 This analysis indicates that the anticoagulation status might be different among the three anticoagulation strategies.
Activated clotting time (ACT)-guided heparinization is now widely used to prevent perioperative thromboembolic complications. 4 It can be assumed that the pre-ACT may decrease after the final administration of DOAC, leading to different ACT values just before septal perforation during the AF ablation procedure (pre-ACT) for different AF ablation start times, such as in the morning or in the afternoon. However, no study has specifically evaluated the association between pre-ACT values and the start time of AF ablation.
Meanwhile, several reports on hemostasis assays have indicated that dabigatran is sensitive to ACT assays, while the other three DOACs (apixaban, edoxaban, and rivaroxaban) are less sensitive to ACT assays. 8, 9 Large randomized controlled studies have demonstrated identical efficacy of DOACs for the prevention of thromboembolic events, with an acceptably low risk of bleeding, indicating that these four DOACs have similar anticoagulation function. [10] [11] [12] [13] Despite this comparable efficacy for the prevention of thromboembolic events, the pre-ACT value does vary among DOACs. 14 It is, thus, essential to clarify the differences in the pre-ACT value among anticoagulation therapies using DOACs.
In accordance with these considerations, the present study aimed to clarify (a) the time-dependent changes in pre-ACT on the day of ablation, (b) the differences in the temporal change in pre-ACT between the minimally interrupted and uninterrupted DOAC anticoagulation strategies, and (c) the differences in pre-ACT (baseline ACT) values among DOACs.
| MATERIALS AND METHODS

| Patients
This single-center study, performed at Okayama Heart Clinic (Okayama, Japan), included patients who underwent their first AF ablation between January 2017 and October 2018. The study was in compliance with the rules of the Helsinki Declaration, informed consent was obtained from all these patients, and the study was approved by the institutional ethics committee for human research.
Patients with decreased renal function (creatinine clearance rate, <30 mL/min) were excluded. The study group included 584 patients (423 men; age, 66 ± 10 years) diagnosed with paroxysmal AF (n = 370), persistent and long-standing AF (n = 204), and atrial tachycardia (n = 10). Patients were randomly allocated to the min-Int or Unint DOAC therapy group. In all patients, anticoagulation therapy, using a DOAC, was initiated at least 30 days before AF ablation. The anticoagulant regimen in the min-Int and Unint groups is shown in Figure 1 . The selection and dose of the DOACs were not randomized and were at the discretion of each treating physician, considering the patient's characteristics (including renal function) and drug manufacturer's directions. Dabigatran and apixaban were prescribed twice a F I G U R E 1 Regimen of DOAC administration in the minimally interrupted and uninterrupted DOAC anticoagulation therapy groups. • (closed circle), administered; X, not administered; DOAC, direct oral anticoagulants day (morning and evening). Rivaroxaban was administered once a day in the morning, rather than in the evening, to maintain a sufficient adherence rate. 15, 16 Edoxaban was prescribed once a day (morning).
| Start time of AF ablation and ACT-guided heparin administration algorithm
AF ablation was performed at four predetermined time blocks during the day, namely, with the start times at around 9:00, 11:00, 13:00, or 15:00. The DOAC regimen (min-Int and Unint) was implemented at 7:00 on the day of surgery. ACT was measured using the whole blood hemostasis method of two points of clot detection with the Actalyke tube (Actalyke Mini II; Helena Laboratories, Beaumont, Texas), according to the manufacturer's recommendations. The baseline ACT was determined just before the start of AF ablation (pre-ACT). After confirmation of the absence of a risk of excessive bleeding, based on the pre-ACT value, a heparin bolus was administered just before septal puncture, taking into consideration age, sex, and body weight, that is, 120 to 130 U/Kg for a pre-ACT ≥150 seconds and 140 to 150 U/kg for a pre-ACT less than 150 seconds. 4, 14 After the heparin bolus, continuous heparinized saline infusion (400 U/h) was administered, via a peripheral vein, to maintain the ACT within 300 to 400 seconds to avoid thrombus formation. ACT values were obtained at baseline (pre-ACT), at 
| Endpoints
The pre-ACT value was set as the primary endpoint of the study. The secondary endpoints were thromboembolic and bleeding complications.
| Catheter ablation for AF
Details of the AF ablation procedure used have been published elsewhere. 17 Briefly, extensive encircling pulmonary vein isolation Miscellaneous nonanticoagulation-related events were also recorded. YAMAJI ET AL.
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| Statistics
Statistical analysis was performed using R (version 3.2.2., R Foundation, Vienna, Austria). Data were expressed as the mean ± standard deviation or median (with first and thrd quartiles), as appropriate for the data type and distribution. The Student t test or
Mann-Whitney U test was used to compare continuous variables between the two groups, such as min-Int and Unint groups, as appropriate for the data distribution. Homogeneity of variance was assessed using the F-test. The χ 2 or Fisher's exact test, with 2 × 2 contingency tables and two-tailed tests, was used to compare categorical variables between the two groups. A one-way analysis of variance (ANOVA) with the Bonferroni posthoc test was used to evaluate differences in continuous variables for the four ablation start times. Pearson's correlation analysis was performed to determine the relationship between pre-ACT and ablation start time.
For comparison of categorical variables among more than three groups, the χ 2 or Fisher's exact test was used, with m × n contingency tables and two-tailed tests. The Kaplan-Meier method, with logrank tests for between-group comparisons, was used to compare the timedependent occurrence of bleeding episodes. A two-tailed P < .05 was considered significant for all statistical analyses.
| RESULTS
| Ablation
The endpoint criteria of ablation were achieved in all patients; thus, all previously ineffective antiarrhythmic drugs were withdrawn in all patients included in the analysis. the min-Int and Unint groups, with the exception of AF duration, which was about 1 year shorter in the min-Int group than in the Unint group (Table 1) . Moreover, a significant difference in the proportion of patients using dabigatran and rivaroxaban was noted between the min-Int and Unint groups. Procedural, fluorescent, and radiofrequency energy times were not different between the two groups.
| Clinical characteristics of patients
3.3 | Pre-ACT measurements
| Time course
The normal reference value for ACT in the present assay system was 105 to 130 seconds. The pre-ACT values for the four different AF ablation start times (9:00, 11:00, 13:00, and 15:00) are summarized in Table 2 Moreover, no difference in pre-ACT values was observed between the min-Int and Unint groups for the 9:00, 11:00, and 13:00 ablation start times, with a between-group difference identified only for the dabigatran group at the 15:00 start time. When all four DOACs were combined, the pre-ACT value at the 9:00 start time was significantly shorter in the min-Int group than in the Unint group; however, this difference of only 7 seconds, on average, was, thus, not clinically meaningful (Figure 3 ). The pre-ACT values combined for the four different ablation start times for each DOAC are also listed in Table 2 , with no significant differences identified between the min-Int and Unint groups. When all data were combined, no overall difference in the pre-ACT values was identified between the min-Int and Unint groups (Figure 4 ).
The correlation between pre-ACT values and ablation start times is also listed in Table 2 . Although some discrete correlations were significant, overall, the correlations coefficients were low, as were the regression coefficients for the hourly change in pre-ACT values.
| Comparison of pre-ACT among DOACs
Because pre-ACT (ie, baseline ACT) values were higher with the use of dabigatran than the other three DOACS, we performed a comparison of the pre-ACT values between dabigatran therapy and the other three DOAC therapies combined, for all pre-ACT measurements. Pre-ACT values were significantly higher with the use of dabigatran (162 ± 25 seconds, n = 139) than for the sum of the other three DOACs (133 ± 18 seconds, n = 445; P < .0001; Figure 5 ).
The pre-ACT values for the other three DOACs were as follows:
apixaban, 131 ± 18 seconds (n = 113); edoxaban, 134 ± 19 seconds (n = 154); and rivaroxaban, 133 ± 17 seconds (n = 174), which were not significantly different (P = 0.41 by ANOVA). 
| Complications and safety outcomes
No symptomatic thromboembolic complications were noted, either during the procedure or over the follow-up period, in either the min-Int or Unint group (Table 3) Clinical and echocardiogram parameters, as well as AF conditions, did not differ between the min-Int and Unint groups. In addition, our methods for catheter ablation for AF were essentially the same as those recently described as leading to improved outcomes, 20,21 with our fluoroscopic and procedure times for AF ablation being comparable to those recently reported. 21, 22 These considerations validate our comparisons between the min-Int and Unint groups.
We did not identify a indicating that a heparin bridge may not be required, even if AF ablation is scheduled later in the afternoon.
When pre-ACT values were compared between the min-Int and Unint groups, a few minor statistically significant differences were found, but no clinically meaningful differences in the pre-ACT at each of the four ablation start times and for each of the four DOACs used, as well as for the four DOACs combined, was noted. Two previous studies have examined pre-ACT values between the minimally interrupted and uninterrupted DOAC anticoagulation therapies. 15, 16 However, these studies did not include the time-dependent pre-ACT, prohibiting a specific comparison of our outcomes to the findings of these studies. Overall, there were a few minor statistically significant differences, but no clinically meaningful differences in the pre-ACT in the min-Int group compared with those in the Unint group. Previous studies have also reported significant differences in pre-ACT between the minimally interrupted and uninterrupted anticoagulation therapies, 15, 16 with the between-group difference reported being larger than that in this study.
ACT-guided perioperative heparinization is widely used during AF ablation. 4, 23 We initially administered a heparin bolus followed by continuous infusion of heparin. Pre-ACT value provided the anticoagulation status and informed the dose of the initial heparin bolus.
Our findings of an absence of thromboembolic events and an acceptably low incidence of bleeding events further support the appropriateness of our algorithm of heparin administration based on ACT measurements. A target ACT greater than 300 seconds has been recommended in previous studies, guidelines, and meta-analysis. 4, 24 Different methods of determining heparin dosing have been reported, including the use of bolus or bolus+infusion methods and various initial bolus doses. 24 The present study provided additional information regarding an algorithm for heparinization.
In this study, we did identify that pre-ACT values were higher for dabigatran anticoagulation therapy than when using the other three DOACs, by 29 seconds on average. Several studies on hemostasis assay have reported the sensitivity of ACT values to the anticoagulation function of dabigatran, with ACT being less sensitive to the effects of the other three DOACs. 8, 9, 25 Almost all patients using dabigatran had a pre-ACT value above the upper limit of the control range, compared with patients using the other three DOACs. Large randomized control studies have shown the anticoagulation function, for the prevention of thromboembolic complications, to be clinically identical for these four DOACs, with a low incidence of bleeding events and, thus, have presumed the pre-ACT to be identical among the four DOACs. [10] [11] [12] [13] However, as stated above, we found the pre-ACT to be higher for dabigatran than for the other three DOACs. The lower pre-ACT with the other three DOACs was thought to be induced by a low-sensitivity ACT assay to those DOACs. These comparisons and considerations indicate that ACT values for the other three DOACs were underestimated by approximately 29 seconds. Therefore, moderate adjustments of the ACT, measured during ablation, when using apixaban, edoxaban, or rivaroxaban were thought to be required, though the present results were not largely affected by the underestimation.
Major concerns with anticoagulation therapy are considered to cause an increased risk of thromboembolic events with interruption of the anticoagulant regimen and, conversely, an increased risk of bleeding when using a Unint regimen. We did not identify significant lengthening of the pre-ACT value with time (until the 15:00 AF ablation start time) for either group, with no clinically meaningful difference between the min-Int and Unint groups. Therefore, using either a min-Int or Unint DOAC strategy would be feasible as perioperative anticoagulation management, with no evidence that a heparin bridge would be required during the procedure. In fact, in this study, both anticoagulation strategies were used without a heparin bridge, and there was no incidence of thromboembolic complications and an acceptably low incidence of bleeding events that were successfully resolved with conservative treatment. We administered heparin using our ACT-guided algorithm. This may explain, to some degree, the absence of a clinically notable difference in the time course of ACT during AF ablation between the min-Int and Unint groups. However, the proportion of patients with an ACT value greater than 300 seconds at 15 minutes after the start of the procedure was larger in the Unint than in the min-Int group. Although AF ablation guidelines recommend an ACT value greater than 300 seconds during the AF ablation procedure, a lower ACT, even one between 210 and 225 seconds, may lower the risk of a thromboembolic event when using an open-irrigated tip ablation catheter. 26 Approximately less than 10% of our patients had a 15minute ACT value less than 300 seconds without complications,
indicating that a 15-minute ACT greater than 300 seconds may not be required. Conversely, less than 5% of all ACT measurements had an ACT greater than 450 seconds found in the present study.
Numerous algorithms for ACT-guided heparinization during the ablation procedure have been reported. 24 The present study did not primarily aim to clarify the ideal protocol of ACT-guided heparinization; thus, it does not apparently have sufficient data to clarify which algorithm including ours is ideal for heparinization during the procedure. Nevertheless, our ACT-guided algorithm for heparinization could explain the absence of thromboembolic complications and the acceptable low incidence rate of bleeding complications in both groups.
Regarding thromboembolic and major bleeding events, a metaanalysis reported a low incidence rate of thromboembolic (0.5%) and major bleeding (1.0-15%) events for AF ablation, with no difference between min-Int and Unint strategies, which is consistent with our results. 7 Another meta-analysis reported the overall rate of bleeding events to be higher for Unint and min-Int anticoagulation (6-8%) than interrupted anticoagulation (3.5%) strategies. Similar findings have also been recently reported. 27 In our study, the incidence rate of bleeding events ranged between 2% and 4%, with no significant difference between the min-Int and Int groups. The reasons for this small difference in our incidence of bleeding events compared to those reported in a previous study are not clear. However, our findings do concur with those of previous studies that both min-Int and Unint DOAC anticoagulation strategies provide an acceptable low incidence of both thromboembolic and bleeding events when AF ablation is performed under ACT-guided heparinization.
Regarding the anticoagulation status of DOACs, monitoring the inhibition of factor Xa when using apixaban, edoxaban, and rivaroxaban is theoretically reliable. 28 Similarly, for dabigatran, assay for the evaluation of antifactor II has been reported. 29 However, these monitoring methods are not routinely available at present. A neutralizing agent against dabigatran is now available in the clinical setting, but not for apixaban, edoxaban, and rivaroxaban. Therefore, careful monitoring for ACT-guided heparinization during AF ablation is essential, specifically for patients using apixaban, edoxaban, and F I G U R E 7 Event-free curve in the minimally interrupted and uninterrupted groups YAMAJI ET AL.
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rivaroxaban anticoagulation therapy, to prevent bleeding events. The present study, thus, provided useful information regarding this issue.
| Limitations
There are several limitations in this study that should be acknowledged.
First, although patients were randomly allocated to the min-Int and Unint DOAC therapy groups, due to unintended randomized error, the number of patients was not completely equivalent between these two anticoagulation strategy groups. In addition, the selection of DOAC was not randomly controlled. Consequently, the number of patients using each of the four DOACs in the min-Int and Unint groups for each of the four different ablation start times was relatively small and was not consistent between groups. We used careful step-by-step statistical analyses to compensate for these limitations, as possible. Second, the study included a relatively homogeneous patient group (with all patients being Japanese).
Third, as described in Section 4, we used ACT as the global measure of anticoagulation. Specific monitoring of the anticoagulation for each DOAC was not conducted. Fourth, magnetic resonance imaging (MRI)
was not performed, either before or after ablation, to specifically determine the presence of a cerebral embolism. In this regard, a recent study revealed that the incidence of microembolism has been reduced with the use of recently improved catheters and that microemboli generally disappear over time. 30 Careful neurological follow-up may compensate for the lack of MRI to monitor cerebral microemboli.
The strengths of this study include the performance of all AF ablation procedures by experienced cardiologists, the absence of differences in clinical characteristics between the two groups at baseline, and statistical confirmation that increasing the number of patients would be unlikely to produce different results. Despite these strengths, a multicenter study with a larger study sample to confirm our results would be warranted.
| CONCLUSION
There were no clinically significant differences in the time-dependent change in the pre-ACT value in both the min-Int and Unint DOAC regimens, up to the start time of ablation at 15:00. Pre-ACT did not show significant differences between the min-Int and Unint anticoagulation groups across the four ablation start times. As a whole, pre-ACT did not show a clinically meaningful difference between the two groups. Moreover, both strategies had comparable safety outcomes, with the absence of thromboembolic events and a rare occurrence of bleeding events. ACT for apixaban, edoxaban, and rivaroxaban was lower than for dabigatran by 29 seconds, on average. With these results, we recommend moderate adjustments of the ACT when these DOACs were used for adequate modification of heparin dose.
